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Abstract— This paper presents a new approach for network 
upgrading to improve the penetration level of Small Scale 
Generators in residential feeders. In this paper, it is proposed 
that a common DC link can be added to LV network to alleviate 
the negative impact of increased export power on AC lines, 
allowing customers to inject their surplus power with no 
restrictions to the common DC link. In addition, it is shown that 
the proposed approach can be a pathway from current AC 
network to future DC network. 
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I. INTRODUCTION
Widespread penetration of Small-Scale Embedded 
Generators (SSEGs) such as photovoltaic, wind turbine and 
fuel cell in LV network may reverse the power flow and 
introduce new technical issues.  These issues include voltage 
tripping, voltage imbalance, reverse power flow, flicker and 
harmonics [1]. Consequently, the traditional operation of 
distribution networks limits the penetration level of SSEGs in 
LV network.  
Resolving the SSEG penetration issues in AC network is 
associated with balancing between power generation and load 
demand, especially in periods of high generation and low 
demand [2]. There are three ways to improve the penetration 
level of SSEG which are summarized as follow: 
 AC Network upgrading, such as increasing conductor 
size to reduce the line impedance. This approach needs 
new expensive investment by utilities for upgrading 
their networks [3-5]. 
 Curtailing  SSEG output power when it makes power 
quality issue [6]. This approach is attractive, but it 
contradicts the main purpose of installing these 
generators which is the maximum use of renewable 
energy.
 The use of Energy Storage System (ESU) in presence 
of SSEGs to store the surplus power in low load 
duration, and use it during peak load time [7]. This 
approach is not cost-effective option now, considering 
the high capital cost and low life cycle of ESU. 
This paper proposes the use of a common DC link in LV 
network to allow customers to inject all their surplus power, 
otherwise limited due to AC power quality violation. In 
addition, the surplus power can easily be transferred to other 
phases and feeders through DC link in order to maintain the 
balance between generated power and load. Alternatively, the 
surplus power can also be stored in a central ESU for peak 
load shaving, and then be distributed to the customers through 
DC or AC line.  
II. PRPOSED APROACH
Fig. 1 illustrates a residential feeder with low to high 
density penetration of roof-top PV, exemplifying the 
progression into the future. Case 1 and 2 can represent some 
of the current situations around the world, where PVs can 
inject their surplus power to the network without any 
limitation. For these cases, it is assumed that no power quality 
constraints are violated. However, by increasing the 
penetration level of PVs (cases 3 and 4 in Fig. 1), the 
unbalancing between generation and load will increase in 
some of the operation modes (low load with high generation 
conditions), where power quality issues may limit the injection 
of surplus SSEG power to the grid.  
Case 1: 25% penetration 
Case 2: 50% penetration 
Case 3: 75% penetration 
Case 4: 100% penetration 
Fig. 1: Residential PV development 
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The 100% penetration level of SSEGs with “plug-and-
play” functionality can be achieved using a common DC link 
with associated ancillaries. This method gives suitable 
solution for the unbalancing between generation and load. The 
details of this approach are provided in the following sections. 
Fig. 2(a) shows a typical topology of a residential house 
with SSEG. The SSEG can support the residential AC load 
and the customer can import and export power from AC grid 
to balance the house loads. In this topology, any surplus power 
is injected to the AC line. However, as noted before, the 
injection may cause AC power quality issues. The AC issues 
can be resolved by introducing an auxiliary DC link as shown 
in Fig. 2(b). This system can accommodate the AC load, while 
any SSEGs surplus power is injected into the DC line. As a 
result, no local injection to the AC system is required and 
therefore no power quality issues can be caused by the export 
of SSEG surplus power.  




(a) 





(b) 
Fig. 2:  (a) A typical topology for a residential house, (b) the proposed 
topology for a residential house  
In the set-up shown in Fig 2(b), it can be seen that the 
green electricity and non-green electricity are separated, using 
DC and AC links. In addition, electricity exchange between 
customers can take place through DC line, for instance 
customers with load demand can import power from the 
common DC line (with low price)supplying to their load 
through an inverter. This strategy can improve the local 
matching. For example in Fig. 3(a), assume 6 customers in a 
neighborhood, customers 1 and 2 on phase A, customers 3 and 
4 on phase B and customers 5 and 6 on phase C. Customers 1, 
3 and 4 have surplus power and customers 2, 5 and 6 have 
deficit power. Customers 1, 3 and 4 inject their surplus power 
to the DC link and customers 2, 5 and 6 who need power, 
import the power from DC link. As a result, this strategy can 
assist in balancing between the generated power and the load 
in different phases. As an example, considering Fig. 3(b), it is 
assumed that the customers on phase “A” have surplus power 
and customers on phase “B” and “C” have load demand. 
Customers on phase “B” and “C” import the surplus power of 
phase A through the DC line and take the rest from AC grid, if 
required. As a result, the load balancing among phases will be 
improved. 
Additional advantage of the proposed approach, as shown 
in Fig. 3, is that there won’t be any reverse power flow in the 
AC network. This is an attractive attribute of this method, that 
otherwise can cause power quality issues in the AC network.  

(a) 


 
(b) 
Fig. 3: (a) Local matching (b) load balancing among different phases 
Fig. 4 shows the LV network with one of its feeder in 
which the proposed approach is applied. The same principle 
can be applied to other feeders within the LV network.  In this 
system, residential houses use both AC and DC lines to 
support their AC loads. In addition, they inject any surplus 
power to the common DC line. The capacitor bank plays as an 
instantaneous storage while transferring power to other houses 
or other phases. Moreover, the houses in other feeders are also 
connected to the same DC link. This way, surplus power can 
be provided to other feeders too. In addition, the surplus 
power can be injected to MV network using a DC-AC 
converter. 
For peak shaving of a feeder, certainly storage devices are 
needed [8]. The proposed approach can accommodate a 
central storage bank to store surplus power in high generation 
mode and inject back in peak demand period as shown in Fig. 
4.  
It is anticipated that the DC systems will be the backbone 
of the future distribution networks [9].  Usually, the 
conduction losses in DC system are less than that of AC 
system. However, the convertor losses may be high and makes 
the DC system less efficient. As a result, the efficiency of the 
convertor needs to be improved to have the DC system more 
efficient than AC system. 
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Reference [10] has proved and shown that if the local 
generators support the loads in LV network, the DC system is 
more efficient than AC system. Therefore, the method 
presented in this paper can be used as an efficient pathway to 
future DC distribution system. When the DC links are 
completely installed in a low voltage distribution system, the 
existing AC lines can remain (as similar to Fig.4) in the 
network to transfer power from traditional AC sources or be 
used as part of DC network to add redundancy to the system, 
when the system completely changes to DC network. 
Consequently, the proposed approach in this paper can be 
represented as in Fig. 5, as the system upgrades to a DC 
network. 


Fig. 4: Structure of the power station with proposed approach 
Fig.5: Topology of future DC LV network 
III. PERCEIVED ADVANTAGES AND OPPORTUNITIES OF THE 
PROPOSED METHOD
This section presents the main advantages of the proposed 
approach and compares this approach with other methods 
introduced in literature. 
In this section the main advantages of the proposed 
approach are discussed and comparisons are made to methods 
available in literature. 
 Investment cost 
The only investment cost associated with this approach is 
the capital cost of common DC line which needs to be studied 
and compared to other approach such as using small scale 
storage in LV network. 
 Penetration level 
The DC link proposed as part of the LV system in this 
approach is separate from the AC system and can 
accommodate with increased level of SSEG penetration 
without affecting the power quality. This method can also 
facilitate with power transfer from one AC feeder to other. 
 Power quality 
Injecting SSEG power directly to AC system reverses the 
power flow at LV system and can introduce power quality 
challenges. In this approach, the SSEGs surplus power is 
injected to the common DC link. Therefore, no reverse power 
flow and power quality issues in the AC lines are resulted, as 
compared with other methods. In addition, this method can 
also balance the loads between the phases which will improve 
the voltage balancing in the AC network. Moreover, there is
less conducted noise generated by the power electronic to the 
AC line which affects the quality of measuring system to 
detect the AC line voltage magnitude and phase angle. 
 Power losses 
With the local matching proposed by this approach in LV 
network, the losses associated with power transfer to other 
locations are minimized. In addition, the conduction losses of 
DC line are less AC line (convertor losses are the same for 
both structure). As a result, this method can be very beneficial 
to minimize the losses in LV network in a great deal. 
 Power security and protection 
Using a decentralized control for each SSEG unit as shown 
for this approach, enables to avoid the operational limits to be 
violated, and therefore the network security will be kept at 
maximum level.  
Considering the intermittency of SSEG output power, the 
power injection to AC system in other methods can cause 
voltage fluctuation in LV network and this may initiate 
voltage stability problem such as voltage collapse.  But the 
approach provided in this paper will improve the voltage 
stability of AC system because the excess power is injected to 
the DC link, while the loading on AC system is kept at 
minimum. Moreover, the DC voltage fluctuation level is much 
higher than the AC and the DC-DC and DC-AC converters 
can adjust any DC voltage fluctuations. 
 Reliability 
The proposed approach will improve the reliability of the 
distribution system because of the following reasons:  
(a) All components in the proposed approach can 
operate in decentralized mode, with their local 
measurements. As a result, no communication 
between end users is needed for coordination of 
components.  
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(b) There are two ways to support the loads (AC and 
DC lines). Whenever, the AC line is unavailable, 
the load can be supported by the DC line. This 
will provide redundancy path for the system. And 
when the LV system fully becomes DC, still we 
will retain the redundancy paths. 
 Customer satisfaction 
As noted before, customers can sell their surplus power to 
the system without any limitations in this method. In addition, 
the power quality and reliability which are the main 
parameters for customer satisfaction can be effectively 
increased using this approach. 
IV. A DECENTRALISED CONTROL OF SSEG UNIT
The most challenging issue in the current SSEG systems, 
while injecting surplus power to the AC network, is the 
automatic tripping when the AC protection levels are violated. 
However, in the proposed method, the surplus power is 
injected to the common DC link. Therefore, the DC link 
constraints should be considered in protection level. In this 
paper PV is considered as the SSEG for customer and The 
structure of one  
With reference to Fig. 6(a), MPPT algorithm determines 
vpvref based on solar irradiation and temperature. The DC-DC 
converter should draw the current Ipvref to generate vpvref
voltage at PV panel terminal. In addition, DC link voltage 
(VDC(t)) is used as feedback to control the injected power to 
DC link, as over voltage protection level is reached.  
With reference to Fig. 6(b), the load information is used as 
reference for the inverter to supply only the load, avoiding 
injection to AC network at all. In addition, an under-voltage 
protection level for the common DC link is applied using a PI 
controller. If the minimum voltage level is reached, the 
inverter decreases its current until the voltage increased to the 
allowable range. 
The proposed decentralized control of one customer is 
studied here to show that the intermittency of load and 
generation cannot affect the performance in this method. The 
DC link voltage parameters which have been used in this 
paper are as in Table I. 
Table I: Voltage parameters of common DC link  
description value controller 
Common DC link voltage 400 V Grid convertor 
Over-voltage protection level 480 DC-DC convertor 
Under-voltage protection level 360 inverters 
The customer’s PV panel is connected to the DC link 
through a DC-DC convertor, and its AC load is supported 
from both DC line (through its inverter) and AC line, as 
shown in Fig. 9. The value of each parameter is shown in Fig. 
7. To show that the operation in this mode is independent from 
other system components and DC link upper and lower 
voltage protection level will not be violated, it is assumed that 
the grid convertor does not regulated the DC  link voltage. As 
a result, if there is surplus power in DC link, the voltage will 
be increased and DC-DC convertor of customer is responsible 
for upper voltage protection level.  
(a) 
(b) 
Fig. 6: Decentralized control for one SSEG unit of a customer, (a) control of 
DC-DC convertor, (b) control of inverter 
Fig. 7: operation of one customer 
In this mode, it is assumed that the PV output power  is 
1kW the customer’s load power changes from 1.4 kW to 2.4 
kW at t=1.5 s. in addition, it is assumed that customer’s 
inverter start to work at t=0.5 s. the results are shown in Fig. 8 
and The sequence of simulations is described in the following 
steps:
(1) At t=0, the DC-DC convertor start to inject power to 
DC link and considering no DC link voltage 
regulation (no grid convertor), the DC link voltage 
starts to increase. In this mode, Load is supported by 
AC line.  
(2) At t=0.182 s, DC link voltage goes to its over-voltage 
protection level. The DC-DC convertor which is 
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responsible for corrective action decreases its current 
to prevent the rise of DC link voltage.  
(3) At t=0.5 s, the inverter starts to support the customer 
load. As a result, the AC grid power decreases to zero 
and all loads are supported by DC line. In addition, 
the DC link voltage start to decrease and the DC-DC 
convertor start to inject power again. 
(4) At t=0.94 s, DC link voltage hits the lower voltage 
protection level and inverter, which is responsible for 
this mode, modifies its power to balance the injected 
and drawn power from DC link and make the voltage 
stable. As a result, inverter support 0.95 kW of load 
power and the remaining will be supported by AC 
grid (0.45 kW).  
(5) At t=1.5 s, customer load increase to 2.4 kW. 
Considering that inverter cannot support more than 
0.95 kW (DC link voltage problem), power drawn 
from AC grid increases to 1.45 kW.  
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Fig. 8: (a) Customer load, (b) DC link voltage, (c) DC-DC convertor power, 
(d) inverter power, (e) grid power 
It can be seen that with the decentralized control in the 
proposed approach, the functionality of "plug-and-play" for 
the SSEG, which is essential for the future grid, can easily be 
achieved. In addition, this case study was designed for the 
worst scenario case of protection level to illustrate how the 
converters act when the limits are violated. However, other 
auxiliaries in the system, such as grid converter can help to 
prevent these scenarios that otherwise would have resulted 
renewable energy curtailments. 
V. CONCLUSIONS
This paper presented a new approach to improve the 
penetration level of SSEGs in a LV network. In this paper, it is 
proposed that a common DC link can be added to an existing 
AC LV network to accommodate with unrestricted injection of 
customers surplus power with no power quality issues, while 
exchange of power between customers is also taking place. As 
a result, the problem associated with increased SSEG 
penetration can be resolved, while many other advantages are 
obtained. In addition, it is shown that the proposed approach is 
a pathway for the future DC distribution system. 
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